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Why Studying Rare Decays?

@ SM: likely an effective low energy version of a more general theory
o New Physics (NP) could arise at high energy
@ Access high energy phenomenology with heavy flavour meson decays:

High
Energy

o Why RARE decays?
Look for channels where NP could drive the decay amplitude
The smaller the SM contributions the more visible the NP effects!
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The Tour of LHCb Rare Decays
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Reference: arXiv:1307.5024 to appear in Physical Review Letter

Mathieu Perrin-Terrin CPPM Searches for Rare Decays at LHCb August 16, 2013


http://arxiv.org/pdf/1307.5024.pdf

Bl — pu T

@ Rare in SM: FCNC process and helicity suppressed
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@ Sensitive to scalar and pseudo-scalar NP contributions

o Precise predictions (purely leptonic final state)[Buras et al., 2012]:
BB = ptp )t 2 (3.56 +0.30) x 1079
BB — ptp) B (1.07£0.10) x 10720

ITime integrated B obtained [Bruyn et al., 2012] with ys and 7o from [HFAG, 2012]
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° B?s) — pt " sensitivity to NP has motivated searches since 1984!

o First evidence of B — 1™, significance of 3.50 [LHCb, 2013a] (2.0fb~1)

90% C.L. Upper Limits
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° B?S) — " sensitivity to NP has motivated searches since 1984!

o Recent updates by CMS and LHCb (3.0fb™1) [LHcb, 2013¢, CMs, 2013]

B|B|C

NEWS SscIENCE & ENVIRONMENT

24 July 2013 Last updated at 13:50 GMT

Ultra-rare decay confirmed in LHC

By Melissa Hogenboom
Science reporter, BBC News
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LHCb Analysis Strategy — Overview and Normalisation

Data Set
o 3fb~! of integrated luminosity
@ Reconstruction improved wrt previous analysis (2fb~! [LHCb, 2013a])™
@ Analysis designed prior to looking at data in signal mass region
Ngo 4. _
The Goal B(BY, — whp~) = —9 "~

Ngo
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f./fs., error reduced from 7.8% to 5.8% [LHCb, 2013d] my,  [Mev/e?]
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LHCb Analysis Strategy

NB?S)—wﬂf: A Needle in a Haystack

o ~ 40 BY— utpu~ evts (SM)

@ Huge Combinatorial background
@ Partially reconstructed and mis-id:
B?s)_’ hoh'™  BY— K ptw, B — w0t
Ao — pp~ vy B — T pty, Bl — Jap(up)pt vy

Extract Signal From Background

@ Loose event selection then classification in the plane:
my,, x Boosted Decision Tree™ based on geometry and kinematics

o Both classifier PDFs obtained with data driven methods (Bkg PDF¥)
Upper Limits: CLg

B Measurements: Simultaneous Fit to m,, in all BDT Ranges
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LHCb Analysis Strategy
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LHCb Analysis Strategy

LHCb 3fb '

NB( e : A Needle in a Haystack

o ~ 40 BY— pfu~ evts (SM)
@ Huge Combinatorial background

My [MeV/c?]

Partially reconstructed and mis-id:

By — h'h'" Bg—> K pfv,  BYF = 2% Fputu—
No—pp~ v, B = pty, B — Y(pp)ptu,

Extract Signal From Background

@ Loose event selection then classification in the plane:
my,, x Boosted Decision Tree™ based on geometry and kinematics

@ Both classifier PDFs obtained with data driven methods (Bkg PDF¥)

Upper Limits: CLg

B Measurements: Simultaneous Fit to m,, in all BDT Ranges
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Results

B measurements GI6ET — I eoF 3

2 14 LHCO —— Boww ]

0 4+ o— _ 41 +0.3 _9 = f| BDT>0.7 — Bt 3

BB— ptu™) = (2.9 tst T93sy) x 10 TR s T

Py 3 10 B, — (K )7

Significance . 4.0 (Expected 5.0) EIN N

= 65 ------- Combinatorial ]

Sy E

0 +.-) +2 +0 —10 E | E

B(B"— utu™) = (3.7757st Togsy) x 10 i: \ lll l E
Significance . 2.0 b =

Upper Limit

No compelling B® — p*p~ signal hint
B(B®— ptpu=)<7.4 x 10710 at 95%C.L.

9 10
B(B” — ) [107]
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LHC Wide [CMS and LHCb, 2013]

New Results by CMS [CMS, 2013]
e 25fb~! of integrated luminosity
o B(BY— ptpu~)=(3.0739%) x 107°  Significance = 4.30 (4.8 Expected)
o B(B®— ptp~)=(3.572%1) x 107  Significance = 2.00

Weighed B Average (not Likelihood Combination)

Significance
BBY— ptp~) Y (2.9+0.7) x 10°° > 50
BB — ptp”) "E (36715 <1000 >3
LHCb 3fb ' lism
CMS 25fb '
CMS+LHCb
preliminary

001 2 3 4 5 6 7
B(B'— W) [107]
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Implications

2.0

‘Modified frorh [Stra‘ub,‘2012]

MSSM-LL

B(B? — pt ™) [1077]
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Bly— pu'p " pup
Outline

@By~ utuutu”

Reference: Physical Review Letter 110 (2013) 211801
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http://arxiv.org/pdf/1303.1092.pdf

Bl — p pn T

Search for B(()S)—> prp s with [£=1.0fb!

Motivations ; u
o Resonant SM mode B(B? — Jib¢) = (2.3+0.8) x 10~ s

w P
@ Non-resonant SM mode B(B? — pu*pu~ptp=) < 10710 W
k — H

@ Could be enhanced by physics beyond SM
c.f. HyperCP anomaly [HypercP, 2005], MSSM [Demidov and Gorbunov, 2012]

Strategy: a Cut and Count Analysis

. . ) Observed Data
@ Selection optimised on resonant candidates

— A4r
g AT e
o Normalisation to B — JyK*0 3 32: i i LHCbE
Upper Limits (CLg) E 2;: i i :
B(BY— ptp ptpT) <1.6x 107 e ] 3
_ ° [ E
B(BY— ptp~ ) <6.6 x 10°° ot ! I
9{8‘00 49‘00 50‘00 51‘00 52‘00 5300 5400 5500 560!
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Outline

eB —etu”

Reference: arXiv:1307.4889 submitted to Physical Review Letter
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http://arxiv.org/pdf/1307.4889.pdf

B\ — et pn—

Searches for B(()S)—> etu” with [£L=1.0fb""

Motivations
o Lepton Flavour Violation forbidden in SM ) H
LQ

@ Possible in SM extensions:
Pati-Salam leptoqarks [Pati and Salam, 1974],
SUSY [Diaz et al., 2005]
Heavy singlet Dirac neutrino [llakovac, 2000]

I

Analysis based on B — pF i~

me, XBDT classification
Normalisation B® — Ktz —

Results: 95% C.L. upper limits

LHCb Current ([CDF, 2009])
B(BY—ety™) < 14x10°9 206 x 1079
B(BY—ety™) < 37x10° 79x107°
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B\ — et pn—

Convert upper limits into lepto-quark (LQ) mass bounds with formula by
[Valencia and Willenbrock, 1994]

[ [ T
; LHCb i +fmﬂ 3 LHCb E
10_7 B(BZ ~ € P7)<11(14)x 10%90(95)% C.L. a F B(B® - e p?) <2.8(3.7) x 10° 90(95)% C.L.
1 F MLQ(BZ ~ e |) > 107 (101) TeV/c? E 1 H M, o(B° ~ & ) > 135 (126) TeV/c?
o’ 18
[a] m 108 E .
] r 95%CL.
95%C.L. F *
i F0% L. ]
108 F 6% CL. E
g E 10° E
| [ L | | | | L
50 lgO B 150 50 100 1%0 200 250
Mo (B, - & |7 [Tevicy Mg (B - et p?) [Tev/cy

LHCb Current ([cDF, 2009])
mo(BY—etp=) > 101TeV  44.9TeV
m(B®—efu™) > 126TeV  53.6 TeV
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QD

Reference: Physics Letter B725 (2013) 15-24
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http://arxiv.org/pdf/1305.5059.pdf

DY — utp—

Search for D°— pp~ with [ £ =0.9fb!

Motivations

@ FCNC helicity suppressed in SM: B(D® — pt =)~ 10713 [Burdman et al., 2002]

o Possible enhancement in SM extensions ';;120:—' ( ' —j
F *— 0/pet  —
[Burdman and Shipsey, 2003, Paul et al., 2012] 2 DT DO(K )
«w F D7 — DY T B
o Probe u-type dynamics: e %p +.H;+$+ 1
complementary to B and K rare decays £ ®F Sig
. =
Analysis: 2 }+ ]
0 *— 0, _— O 20F/ - E
o D from D*~ — D°r A . ]
040 145 150
o Bkg: combinatorial 4+ misidentified Amy,,- [MeVic]
50 T T T T
e Normalise to D*~ — DO(n 7~ )7~ ssE .
. 40 i
o Fit to Am = mp«— — mpo and my, 35

Results: 95% C.L. Upper Limit

Candidates / (10 MeV/c2)
w
S

20
I5E + +
10F . )
. K Sig
Sepegaiiiel TN .
1800 1850 1900 1950 2000
m,.,- [MeV/c?]

BMD°— ptpu~) < 7.6 x107°
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D"\ — 7" and D — 7 p

Outline

(5 ) DZ;)—> atutp~ and DF — 7 ptut

Reference: Physics Letter B724 (2013) 203-212

Mathieu Perrin-Terrin CPPM Searches for Rare Decays at LHCb August 16, 2013 19 / 22


http://arxiv.org/pdf/1304.6365.pdf

Dy — 7 p pT and Dl — T p T

Searches for Dz;)—> Tt pTwith [L£L=1.0fb!

Four Decay Modes to Look for NP
@ Same Sign p: DT — 7 ptut and DY — 7 ptut FCNC

- Lepton Number Violation em

- Forbidden in SM, possible in NP (e.g. Majorana v)

° O.pposite Sign p: DT — 7 u ™ and D — 7T Weak Ann.
- in SM through resonances (1, p/w, ¢) i
- and FCNC and Weak Annihilation B ~ 10~° @» 4@
Analysis Strategy my,, ranges (OS)
K(IJ‘ [ T T T T T
@ MVA Selection 3 10% LHCb
> 100k
@ 551 Fit myy,, in my,, ranges g o Highm(is)
OS: Fit my,, in my, ranges g
£ 10
@ Normalisation: 8 ) am

+ + ! L L L
d 200 400 600 800 1000 1200 1400 1600 _ 1800
D(s) ¢ (up) m(p) [MeV/c]
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Dy — 7 p pT and Dl — T p T

Opposite Sign u

< Low m.;, Region ‘ g : ‘ ‘
S 30 LHCb >
§ Comb E

¢ i 2
2 20 Peaking Bkg :.,:
@ Q
5 10 2
= =
6 @]

0 P et 07751850 1900 1950 _ 2000
1850 1900 19;1([1Ll ug[MeW] mmt ) [MeV/e?]

B(Dt— 7nTutpu")<83x10°8

B(Df — ntptpu~) <4.8x 1077
ame “ign p

B(DT— ntptpuT) <25 %1078

B(Df — atutp™) <14 x10°7

Previous limits [BaBar, 2011] divided by 50!
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Dy — 7 p pT and Dl — T p T

@ LHCb (and CMS) confirmed the first evidence of B — p*pu~

@ Stringent constraints on B® — pfpu~

[Arbey et aI 2012]
.

— 20 109
& 1.4 3
2 [Straub, 2012] | Based on 2.0fb E
~ e 8 HCb syst 5% E
< P ——"LHCb syst 1% ]
+ = o0sFd : HC syst 5% A
% SRy HC syst 19 b
o086 \ —
x - B
<04 1
© E R ]
0.2 5

0 RSc 10 20 30 40 50 E i i i
B(BY — ptp~) [1079) % 5 0 s 20 28 30 3 40 45 50

Liren €
Prospects:
o Combined Likelihood: BY — u"u~ (> 50), B — utu~ (> 30)
o New Observables: B(B? — p"u™)/B(B®— putu™), Aar [Buras et al., 2013]
o More statistics in 2015
@ World best upper limits on: B(S)—>,u woptuT D°—>,u u D(s —rtutu
Prospects: More data ready to be analysed (3fb™! in total)
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“[LHCb, 2013b])

B2 — utu~in New Physics (straub, 2012

MSSM-LL

0 RSc 10 20 30 40 50

B(BY — ptp~) [1079]

Figure: Prediction for the branching fractions of B — p "y~ and B— pp™ in
Minimal Flavour Violation models (MFV), the SM with a fourth generation (SM4),
the Randall-Sundrum model (RSc) with custodial protection [Blanke et al., 2009], and four
Minimal SUSY favour models (MSSM), Agashe and Carone

(AC) [Agashe and Carone, 2003], Ross, Velasco-Sevilla and Vives (RVV2) [Ross et al., 2004],
Antusch, King and Malinsky (AKM10) [Antusch et al., 2008] and a model with left-handed
currents only (LL].].) [Hall and Murayama, 1995].
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"[LHCb, 2013b])

BY — u*u~ Decay Rate

o BY, and B have different decay widths [HFAG, 2012]:

rL - I—H meas.
s = ——— = 0.0615 4+ 0.0085
Y Me+TH

o Time dependent decay rate in the mass eigenstates basis:
F(Bt) = iti) = Rue ™+ Re

t t
= (Ry+ RL)e_rst cosh 22X + Aarsinh st
TBg TBQ

@ Decay rate is model dependent, parametrised by Aar:
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S ~ [LHCb, 2013b])
Time Integrated and CP average B

Prediction: Inital CP average branching ratio, B°

T (Bo(t)— 1) leso

BYB}— ptu7) =
M (3.3540.28) x 107°

[Buras et al., 2012] update with 7o from [HFAG, 2012]

Measurement: Time Integrated branching ratio: (B)

_ 1 [ _
BE— i) = 5[ TEG— )
1+AAI'}/5

_ 0 -
= B(Bi—ptu7)x 1=,
BO(Bs— yrt
sM (1—’—5“) = (3.56+0.30) x 10~°
- Js

with ys and 7o from [HFAG, 2012] and accounting for their experimental
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S ~ [LHCb, 2013b])
New Observable: Aar
[Bruyn et al., 2012] see also [Buras et al., 2013]

ps =m/2
5 7

/181 =1P|

@ Time-integrated B is model dep.: )
M

1+ AAI')/S

B=B{Bs—nn7) 1—y2 & os ,
i 1
T 0.2 v,’
@ Measuring B is not sufficient o Nowscalar =
o Aar is also needed! 5] Y NP/(CYg, Cp’) Scalar NP (Cg’)
~ 1.‘ == |S|,¢s free; |P| = 1;0p = 0
o Effective Bg—> u+u_ lifetime, _22 i | 1 ¢p free; || = 0: P = 1+ 10%
la_ b |ep=T/2
Pl=1, 5| =0
Tf — f < I—(B(t) - f) > tdt 06 08 10 12 14 16 18 20 22 24
J <T(B(t) = f)>dt BUBE — i ™) [B(BY — 1 )sw
allows to solve the Aar dependency:
0 — 2\ Tf
B = Bt x (2-0-7) &)
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"[LHCb, 2013b])

Solving the Aar Dependency

Measuring Aar

o BY — K*K~ effective lifetime measured in LHCb with 522 signal evt with
an 7% precision [LHCb, 2012]

@ accessible for B — u* i~ only at the upgrade or needs clever idea

A more complex situation: experimental results are model dependent
@ BDT and selection depends on the lifetime
@ hence time integrated efficiencies,

_ Jo T(B2(t)— ptp—, Aar, ys)e(t)dt
JoTT(BY(t)— ptp—, Aar, ys)dt

and BDT PDF depend on Aar!
@ near future, provide B as a functin of Aar
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"[LHCb, 2013b])

New Observable: B(B? — 1 pu~)/B(B®— utu™)

Sensitivity to New Physics
@ Precise prediction in SM, MFV, and U(2)? flavour sym. [Buras, 2003]:

_ 2
B(BO—> é+£ ) TRO MpRo FBO th
B(Bg—> £+£7) TB? mgg FB? Vts
. px10° CMS (5=7 TeV, L=5 fb™ Vs=8 TeV, L=20 fb™
Z F 430
118 5 4O
2 b o BF(B W)= uf BF(B -~ 'l)=
. 016 300109 | 4 (357Hx10™
@ Cannot be deduced by simply Eob\ GO0 0
. . a4 4
taking the ratio of: g +,2.00 5
_ . LHCb _ 12 Nev i
BB — ptp™) MEP (2.977h) x107° g <,
0 LHCb 2.5 10 11 e, T Ee
+ - +2. - E ~
B(B —HH ) = (3'7—2.1) x 10 0.8
06E \
as these two measurements are F N
correlated! o4E \\
e Ratio will be provided by LHCb. 02N v/ )
obbe e N e A L Lo x10°
0 1 2 3 4 5 6 7 8 9 10

BF(B] - W)
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"[LHCb, 2013b])

o BDT training and optimisation/variable choice done with simulated data
e MC signal and MC bb— uuX (equivalent to 5.5 fb™!)
@ 12 variables used (9 in previous analysis):
B variables: w variables:
e proper time e min. IP significance
o impact parameter (IP) o distance of closest approach
e transverse momentum e isolation
o isolation [CDF, 2005]: ’W&ﬁ o polarisation angle?
o angle between pg and peaurst ™ o |nu+ — Nu— |>I<
o angle between p,+ and perurst in in B rest o |+ — P |%
frame™

Pihurst is the sum of momenta of all the long tracks coming from the B PV
and excluding those coming from long lived particle

2angle between the muon momentum in the B rest frame and the vector perpendicular to
the B momentum and the beam axis
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"[LHCb, 2013b])

B(()s)—> pt ™ Profile Likelihood

2 10E T E
3 o .
8E =
7 3
6F 3
SE 3
4F 3
3F E
2F 3
1E 3
OE L1 A T T %3 )
0 2 4 6 8 10
B(B]—u*w)
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S ~ [LHCb, 2013b])
Motivation and Strategy

Motivation
@ Lepton Flavour Violation

@ 77— p~p~uT is very suppressed in SM

@ Could be enhanced by physics beyond SM

Strategy very similar to B? — ;"
@ Loose selection

o Event classification in a 3D space:

o Invariant mass my,,
o Topological MVA
o Particle identification (PID) MVA

@ Background: Combinatorial only
Dt — K~7nt7t: remove by PID
DS — n(pupy)ut v : remove by mass resolution

o Normalisation to D7 — ¢(putp™)m~
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"[LHCb, 2013b])

o Upper limits 95 (90)% C.L.extracted using the CLs method

B(rm— p p put) <83 (102) x 1078

6F T T T pm

LHCDb 3

Candidates/ (10 MeV/c?)

100 1700 1800 1900
m(y pru) [Mevic?]

@ Results comparable with Belle [Belle, 2010]
B(t—— p~p pt) <2.1x 1078 at 90% C.L.
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"[LHCb, 2013b])

+

T —pu - and 77— pu i

o NP enter differently in each mode
o Analysis similar to 77— p~p”pt
o World first results (95% C.L. upper limits):

Bt~ —pu p~) <54 %1077

B(rm—pu pt) <46x107

S SE T T T & op T T ™
3 o 3 o LHCb
g SF S
g 8
8 3 ko]
S S
T 2 °
1 3
0 L .
1800 1900 180 1900
m(pu‘4) [Mev/c] mlpu ) [Mev/c]
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"[LHCb, 2013b])
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